I review the recent and potential advances made with lOm-class telescopes on the chemical abundances of protogalaxies in the early universe. In particular, I will focus on measurements of the damped LyQ systems, layers of neutral hydrogen gas which dominate the HI content of the universe. Observed along the sightline to distant quasars, these systems are the progenitors of present-day galaxies. Therefore, analyses on the abundances of these systems provide direct insight into the chemical evolution of the universe at high redshift. The advent of lOm-class telescopes and efficient high resolution spectrographs have enabled great progress on damped Lya chemical abundances, particularly in two areas: (1) studies of the relative abundance patterns in the ISM of individual protogalaxies; and (2) metallicity measurements at z > 3. In this proceedings, I will discuss these results and describe their impact on our understanding of chemical evolution in the early universe. Finally, I detail the areas of chemical abundance research that I believe should be the focus of future studies with current and new instruments on large telescopes.
INTRODUCTION
Under the current paradigm of galaxy formation, adiabatic fluctuations in the universe's initial conditions inspire overdensities which undergo gravitational collapse.' In the process, gas -presumably bound to clumps of dark matter -streams into the center of these potential wells and is shocked to the virial temperature.2 The gas then cools and recombines through various radiative processes. Via mechanisms which remain largely a mystery, some of this gas is converted to stars, some of which explode distributing metals within the galaxy and perhaps to the surrounding Intergalactic Medium (1GM). To study the processes of galaxy formation, one aims to examine this gas -its density, spatial distribution, ionization state, metallicity, nucleosynthetic history -as well as the stellar by-products which accompany it. In turn, these observations may reveal the epoch of galaxy formation as well as the mass and morphology of early galaxies. For the discussion that follows, I will describe the chemical enrichment history of the universe as probed by the damped Lya systems.
Until recently, quasar absorption line (QAL) systems provided the only means for exploring the physical conditions of the early universe; even today they remain the most efficient approach for studying gas at high redshift. As their name suggests, quasar absorption lines are those absorption lines identified along the sightlines to distant quasars. In general, they are not expected to be associated with the quasar itself but instead 'systems' of gas intervening along the sightline. By analyzing these absorption lines, one can directly probe the chemical abundances, temperature, density, velocity fields, etc. of gas in the early universe.. Historically, one has distinguished among the various QAL systems according to the observed neutral hydrogen column density, N(HI) : (i) the lowest column density systems, N(HI) < iO' cm2, are referred to as the Lya forest clouds; (ii) those optically thick at the Lyman limit, N(HI) > iO' cm2, are the Lyman limit systems; and (iii) those with N(HI) > 2 x 1020 cm2 are the damped Lya systems. Owing to the fact that the damped Lya systems dominate the neutral gas content of the universe ( 2) and that their very large column densities imply overdensities 5p/p >> 100, they are widely identified as protogalaxies. Therefore, if one is interested in tracing the chemical abundances of protogalactic gas in the early universe, the damped Lyc systems provide the ideal laboratories.
In this proceedings, I will review several of the major studies on the chemical abundances of the damped Lyc systems. To date, a large portion of these studies have been carried out on 4m-class telescopes. My principal focus, however, will be on the recent advancements (and mysteries) unraveled by large telescopes on the chemical abundances of the damped systems as well as the prospects for future advances in the next decade as a wealth of large telescopes bear down on these protogalaxies. Throughout this proceedings, I will limit the discussion on Further author information: E-mail: xavier©ociw.edu future studies primarily to the potential advances on damped Lya research from the advent of large ground-based telescopes. It should be noted, however, that the potential exists for monumental gains at low redshift (z < 1.5) and in the local universe with the construction of an 8m-class UV telescope. Given the current wealth of knowledge at high redshift, the lack of understanding on the damped Lya systems at z < 1 is particularly frustrating.
HI SURVEYS AT HIGH REDSHIFT
Before we can measure the chemical abundances associated with the damped Lya systems, one must first discover them and measure their hydrogen content. In the process, one comprises a census of the neutral hydrogen gas at high redshift. This section describes the first, most recent, and future HI surveys of the damped Lya systems at z > 1.7. Figure 1 . An example damped Lya system. This system is at z = 2.462 (corresponding to v = 0 km s in the figure) towards Q0201+36 and has N(HI) = 2.5 x 1020 cm2 . The column density is well constrained by a single parameter fit of the damping wings to the spectrum. Figure 1 shows an example of a damped Lya system; it is at z = 2.462 towards Q0201+36 and has N(HI) = 2.5 x 1020 cm2 . The absorption lines surrounding the damped Lya system (with significantly lower HI column density) are examples of Lya forest clouds. One notes that even at the moderate resolution of this spectrum, the Lyc damping wings (arising from the quantum mechanical uncertainty in the energy of the Lyc transition) are well resolved and provide an accurate, single parameter fit to N(HI) . Therefore, given a large sample of reasonably bright quasars (e.g. LBQS3), one can comprise a survey of these systems on 4m-class telescopes. Research on the damped Lya systems dates back to the first optical surveys performed by AM. Wolfe and his collaborators. 4 In the course of these surveys,47 Wolfe et al. identified a significant population of QAL systems with very high neutral hydrogen column density and termed them the damped Lya systems. In the process, Wolfe et al. measured the incidence per unit redshift dri/dz, the HI column density frequency distribution f(N), and the comoving gas density 11gas, of these HI systems. A principal result of the Wolfe et al. surveys is that f(N) approximates an inverse power law: f(N) O( N, with c 1.5. Perhaps coincidentally, this frequency distribution holds for essentially all QAL systems.8 What this implies is that the comoving mass density of neutral gas, i.e. Ilgas is dominated by those systems which exhibit the highest N(HI) column densities. Therefore, if one is interested in studying protogalaxies at high redshift, which undoubtedly form from neutral hydrogen gas, one need look no further than the damped Lya systems. Figure 2. Evolution of the neutral gas content, 119as, of the universe from z = U -4.5. The data point at z = 0 is the neutral gas density derived from 21cm observations of HI gas in the local universe9 and the remaining points are derived from surveys of the damped Lyc systems.'°F igure 2 presents the latest compilation1° of 119as, here plotted for an open universe (flm 0.2, 1A O.O)*. The data points (with 1o error bars) with z > 0 represent the baryonic density of neutral gas associated with the damped Lyc systems at a range of epochs. The data point at z = 0 is the baryonic density in neutral gas in the present universe measured with 21cm radio surveys.9 Note that the 21cm measurements are dominated by spiral galaxies; in fact Zwaan et al. (1997) find that nearly 90% of the HI mass in the local universe is associated with massive disk galaxies. Finally, the horizontal lines at Il = 0.00086 and 0.00115 indicate the baryonic density in stars of spiral galaxies stars the present universe.12 These lines are drawn from z = 0 -5 only to aid the presentation. Note the following aspects of Figure 2: . 11gas at z = 2 -3 corresponds with 11stars Therefore, in the early universe the damped Lyc systems contain enough neutral gas to account for all of the stars observed in spiral galaxies today.
S 1Zgas for the damped systems decreases from z = 2 -+ 0 in a fashion consistent with star formation (but note*).
. at z = 0 the value of 1gas approaches the HI content of current spirals measured in the 21cm observations. In addition to the arguments I have already made, the results presented in Figure 2 further emphasize the interpretation of the damped Lya systems as the sites for galaxy formation. It should be noted that a significant number of the systems at z > 3 were observed with the Low-Resolution Imaging Spectrograph'3 (LRIS) on the W.M. Keck I telescope. Owing to the faintness of high redshift quasars, a large telescope is necessary to confirm the hydrogen column densities of these high redshift systems. Thus far, this has been the only application of large telescopes to damped Lya HI surveys.
A worrisome aspect of the Ilgas measurements is that the uncertainty in each data point is large. Even the data in the best studied epoch (z = 2 -3) has > 30% error. This complicates the confidence one has in deriving conclusions from Figure 2 . The current and next generation of large telescopes can and will greatly improve the situation. To date, the majority of large telescope time has been devoted to follow-up observations of individual damped Lyc systems.'4'7 However, the results of several large quasar surveys (e.g. the Sloan Digital Sky Survey'8) and a new generation of instruments will enable efficient new generation damped Lya surveys. The best current example of the latter is the Echellette Spectrograph and Imager (ESI) recently commissioned on the W.M. Keck II telescope (P1: 0Note that this plot does not include the recent HST observations'1 which imply a larger value for at z < 1.5 J. Miller, UC Santa Cruz). This echellette affords excellent wavelength coverage (A 0.4 -1.1k), high throughput, and the ideal resolution for a damped Lyc survey: FWHM 30 km s which corresponds to the typical minimum width of contaminating Lya forest clouds. A single setup allows complete coverage of the Lya forest from z = 2.3 to the emission redshift of the quasar and, just as importantly, provides metal-line diagnostics vital for confirming the damped Lya system. For comparison, the Low-Resolution Imaging Spectrograph on the Keck I telescope13 provides only 1200A coverage at iA resolution. This implies multiple setups to achieve complete coverage and spectra which significantly suffers from Lya forest cloud contamination.'0 In addition to bolstering the statistics on at z = 2.3 -3, second generation damped Lya surveys will greatly advance the measurements of 1gas and f(N) at very high redshift. Several groups including our own (Wolfe, Prochaska, Gawiser at UC San Diego) and one headed by G. Djorgovski of Caltech are currently pursuing such surveys with ESI. The combined results will greatly improve our understanding of the evolution of HI at z > 2 and, furthermore, will provide a wealth of new targets for follow-up observations. These surveys will also help address the effects of dust obscuration on the damped Lyc HI surveys.19 In particular, by enabling observations of much fainter quasars the measurements will suffer far less from this potential observational bias. Finally, instruments like ESI may provide reasonably accurate metallicity measurements independent of high resolution follow-up studies.
METALLICITY MEASUREMENTS
It is widely accepted that nearly all of the metals (elements with atomic number Z > 2) were produced after Big Bang Nucleosynthesis through a variety of stellar processes. To trace the chemical history of the universe, therefore, one would like to trace stellar metallicities in time. Unfortunately it is extremely difficult to trace the metallicity of stellar systems owing to an age-metallicity degeneracy in the colors of stellar populations.2° The damped Lya systems (and QAL systems in general) offer an alternative approach. In addition to synthesizing metals, supernovae distribute their products to the surrounding regions of the galactic system and in some cases to the local 1GM. Through studies of the damped Lya systems, we can directly measure the metallicity of this gas and thereby trace the chemical history of neutral gas at high redshift.
Given that one is observing extremely distant quasars, the measurements of damped Lya systems are limited to pinhole sightlines through each protogalaxy. Along this sightline, each parcel of gas contributes a specific column density of neutral hydrogen and metals. These observations are analogous to core samples of the Earth with one major exception: it is difficult (if not impossible) to confidently discriminate the depth along the sample. If one is principally interested in the mean metallicity of the universe, < Z > , this lack of detailed information is irrelevant.
Even more importantly, < Z > is independent of the morphology, age, and specific formation history of the individual damped systems. Simply stated, because the damped LyQ observations are biased to cross-section and the HI gas mass of a system is proportional to f a • N, one can measure global properties of the universe (i.e. < Z >) by weighting the measurement from each damped system by N(HI). Therefore, the N(HI)-weighted mean metallicity is given by, m >N(X) (X\ < z > E log :i_-_ _ log Z® = log > N(HI) log , (2) where IZm iS the mass density in metals, Z® is the solar metallicity, X is the element chosen to serve as a metallicity indicator, and (X/H)® is the solar abundance of element X. Observationally, damped Lya researchers have implemented two elements for metallicity indicators, Fe and Zn. Fe has the advantages that it is relatively easily observed and Fe measurements directly coincide with the history of research on stellar abundances2' ; it has the drawback that Fe can be significantly depleted onto dust grains. Zn, in comparison, is very mildly depleted but has an uncertain nucleosynthetic origin.
Pettini and his collaborators22'23 performed the first comprehensive surveys on the metallicity of damped Lyc systems. Their observational efforts focused on two ions, Zn+ and Cr+ ,which exhibit a series of metal-line transitions at Arest 2000A. These ions represent the dominant ionization state of zinc and chromium in neutral systems (as presumed for the damped systems) and therefore one need not apply ionization corrections in calculating the elemental abundances of these species. Although the observations were carried out with 4m-class telescopes and, therefore, at a resolution where a significant number of the absorption line profiles were unresolved, the Zn+ and Cr+ transitions are sufficiently weak that Pettini et al. obtained accurate column densities. Based on their observations of Zn, they found < Z > = -1.18 0.38 dex at z 2 and noted that the metallicity of the individual damped systems exhibits a relatively large scatter. Impressively, these results have stood up against higher resolution observations.24 The other major result from the Pettini et al. surveys was that the Zn/Cr ratio is overabundant relative to the solar ratio in nearly every damped system, typically by a factor of 2.5. They have interpreted this overabundance as suggestive of dust depletion because in the ISM Zn is not significantly depleted onto dust grains whereas Cr is.25 While the typical dust-to-gas ratio is small in comparison with the Milky Way, the possible presence of dust raises important issues concerning the dust obscuration of quasars19 and complicates the interpretation of the abundance patterns of these protogalactic systems ( 4). One can circumvent the latter two problems by observing other metal-line transitions, (e.g. Fe II l6O8t) which have lower rest wavelength and larger typical equivalent width. As noted above, the difficulty with implementing Fe is that it is known to deplete onto dust grains. Therefore a direct comparison with Zn is complicated by corrections for dust depletion. Of course, one can minimize these systematic uncertainties by tracing Fe over all epochs under the assumption that the dust depletion level of Fe does not evolve significantly. Recently, Prochaska & Wolfe published26 a compilation of Fe/H measurements from 39 damped Lyc systems at z > 1.7 including 15 with z > 3. (3, 4.5] . Surprisingly, the current results (which for both samples are dominated by small number statistics) suggest no significant evolution in the mean metallicity from z = 2 -4.5:
< z >low 1.532 0.088 and < Z >high -1.634 0.155. Coupled with the results on Zn,23 this implies no significant evolution in the mean metallicity from z = 1 -4.5. As this contradicts the predictions for the majority of chemical evolution models,29'3° obtaining a significantly larger sample of z > 3 metallicity measurements is a principal goal of future damped Lya observations with large telescopes.
Although a complete discussion of the effects of dust are beyond this scope of this proceedings, we wish to comment in passing that obtaining even a small sample of Zn measurements at z > 3 could have important consequence on the interpretation of the results presented in Figure 3 . ESI on the Keck telescope, the recently commissioned UV-Visual Echelle Spectrograph (PT: S. D'Odorico, ESO) on the VLT and the soon-to-be commissioned Magellan Inamori Kyocera Echelle (PT: S. Shectman and R Bernstein, Carnegie Observatories) with their excellent sensitivity at A > 8000A, as well as high resolution Near-JR instruments are all viable avenues for such measurements. As not a single z > 3 Zn measurement exists, at this time it is difficult to predict what the impact of such observations would be.
ABUNDANCE PATTERNS
With respect to the chemical abundances of the damped Lya systems, the one aspect where the light gathering power of large telescopes is absolutely essential is in studying their abundance patterns. By abundance patterns, I mean the relative abundances of the many elements one observes for the damped systems: Si, Fe, Cr, Zn, Ni, Al, 5, Mn, Ti, Mn, 0, N, C. To measure accurate abundance for all for these elements, one must obtain moderate signal-to-noise (> 15 per pixel), high resolution observations of a large number of metal-line transitions spanning over 1500A in the rest frame. Echelle observations are required and, with the exception of the very brightest quasars (V <16) ,31 this implies a lOm-class telescope. Until very recently, this has meant HIRES on the Keck I telescope.
While there now exists a reasonable database of chemical abundance measurements,'6'3224 interpretation of these observations has suffered from a degeneracy in type II SN enrichment and ISM dust depletion patterns.33'25 Figure 4 presents the logarithmic relative abundance, ) vs. [Fe/H] of Zn, Si, Ni, Cr, Al, Mn, Ti and S from 40 damped Lya systems.24"6'27 Overplotted in each panel is the typical ratio observed for type II SN2' and a 'warm halo' ISM dust depletion pattern.25 While several of the elements (Cr, Al, and Ni) trace Fe closely at all metallicity, Zn and Si are significantly enhanced relative to Fe and the damped systems are deficient in Mn. Sulfur and titanium also appear to be enhanced in the damped systems, although we caution that these measurements are particulady difficult to make and the oscillator strengths for the Ti II transitions are poorly constrained. The difficulty in interpreting the above trends -in particular disentangling nucleosynthesis from dust depletion patterns -is as follows:
. The Ni, Cr, Al, Si and S abundances are all consistent with a type II SN enrichment pattern and a 'warm halo' ISM dust depletion pattern, as well as a combination of the two.
. The Zn enhancement argues principally for a dust explanation because Zn traces Fe reasonably well in metalpoor stars34 but is enhanced in dust depleted regions of the ISM.
. The Mn underabundance and Ti overabundance cannot arise from dust depletion and therefore argue for a type II SN enrichment pattern.
Clearly, there are conflicting lines of evidence between Zn, Mn, and Ti while the majority of elements suffer from a dust/type II nucleosynthesis degeneracy. As a result, there is currently a debate over the correct interpretation of the abundance patterns of the damped Lya systems.'6'35'24'32 A principal goal of future high resolution observations of the damped Lyc systems is to resolve this dispute. Given the degeneracies described above, it is rather clear that one must consider other abundance ratios. With the advent of new echelle spectrographs on large telescopes the prospect for solutions will greatly improve. In particular, the next generation echelles will have much greater sensitivity blueward of 4000A and redward of 8000A than HIRES and will enable researchers to most efficiently mine largely untapped transitions. These include S II 1259, 0 I 1039, Mn II 2576, and Ti II 3242 to name just a few. Recently, several authors32'36 have argued that the [S/Zn] ratio might best address the nucleosynthetic history of the damped Lya systems. Neither element is significantly depleted onto dust grains and sulfur is expected to be a signature of type II SN. While further measurements of sulfur are valuable and will become more available, I believe the role of [S/Zn] is limited. Above all, the empirical justification for S/Zn The nucleosynthetic origin of oxygen is undisputed and it, too, is not significantly depleted in the ISM. Unfortunately, the most readily observed 0 I transitions -A1302, 1355 -are too strong and too weak respectively to yield an accurate oxygen abundance in most damped systems. Instead, one should focus on the triplet of 0 I transitions near 990A or the 0 I 1039 transition which are weaker than A1302 and less likely to be saturated. For damped systems with z < 3 these transitions will be observed blueward of 4000Aand, therefore, blue sensitive echelle spectrographs are crucial. It may be possible, as well, to find a surrogate for Fe other than Zn which is not significantly depleted onto dust grains. Carbon, for example, is generally found to track Fe in metal-poor stars and even in the most depleted regions of the ISM is down by only 0.4 dex. Unfortunately, for many damped systems the C II transitions are generally too strong to provide accurate C abundance. For those systems with very low metallicity, however, C will be a viable option.
It is also important to further exploit those elements for which the dust/nucleosynthesis degeneracy does not exist: Ti, Zn, and Mn. Thus far, the Ti measurements17'24 have been limited to the Ti II transitions at A 1910A which are very weak and have unreliable oscillator strengths. It would be very informative to extend the Ti measurements to include the stronger A 3000A transitions. Of course this will require either an echelle with excellent transmission above 8000A (e.g. ESI, UVES, MIKE) and/or observations performed with high resolution near-infrared instrumentation. Similarly, the existing Mn measurements are primarily from low redshift (z < 2) damped Lyc systems. Pushing these measurements to higher redshift, which requires the same instruments as for Ti, should help further resolve the current dust/nucleosynthesis debate. Lastly, as noted in § 3, it is of vital importance to push the Zn measurements out to z > 3 so as to investigate evolution in the nucleosynthetic history and dust depletion characteristics of the damped Lya systems. Once again, this implies observations at A > 8000A which I am hopeful that the next generation of instruments on large telescopes will provide.
Finally, significant advances in our understanding of the nucleosynthetic history of the damped Lya systems can also be made through observations of new elements, like Ga and Ge. In particular, such measurements might reveal the role of r and s-processes in the early universe. Even with a lOm telescope, however, the measurement of these elements will require a special damped system and extraordinarily high signal-to-noise data. Nonetheless, the potential gain in our understanding is well worth the effort.
REVIEW
In this proceedings, I have described the current progress in measuring the chemical abundances of the damped Lya systems. While tremendous advances have been forged by dedicated efforts on 4m-class telescopes, the advent of the Keck telescopes has been essential in investigating metallicity evolution at z > 3 and the abundance patterns of the damped Lya systems. In turn, these observations have provided new insight into the processes of chemical evolution in the early universe. The prospects for future advances on the chemical abundances of the damped Lya systems with the next generation of large telescopes is outstanding. Consider, for example, the prospect for future damped LyQ HI surveys. While it would take hundreds of nights of 4m-class telescope time to match the current survey level, I estimate that one could double the number of known damped Lya systems in 10 nights of large telescope time. In terms of the metallicity of the damped systems, a crucial objective of future studies is to bolster the statistical significance at very high redshift (z > 3). It will pose a great theoretical challenge to chemical enrichment models if the future measurements confirm the presently observed lack of metallicity evolution. Finally, there are many avenues to explore toward illuminating the current debate on the abundance patterns of these systems. Measuring the abundances of Zn, Mn, Ti, 0, 5, Ga, Ge, etc. at a range of epochs in systems with a range in metallicity will be essential to understanding how and when nucleosynthesis took place in the early universe. Furthermore, these observations provide insight into the processes of dust formation at high redshift, processes which are ultimately linked to star formation.
Investigating the chemical abundances in the early universe is simply one application of the potentials of large telescopes on damped Lya studies. For example, not only do high resolution observations lead to accurate metallicity measurements, they reveal vital clues to the kinematic properties of the absorbing gas.384° By studying these kinematic characteristics, one can robustly test theories of galaxy formation.38'41'42 Another exciting avenue of research on the damped Lyc systems is the effort to image the stellar systems associated with these HI selected galaxies.43 The light gathering power of a lOm-class telescope is essential to such a program as these objects are extremely faint (R > 24.5). These observations have the potential to directly identify the properties of the galaxies responsible for damped Lya absorption. Information on the stellar systems associated with the damped Lya systems will undoubtedly expand our understanding of star formation and galaxy formation in the early universe. It is easy to claim that with over a dozen large telescopes about to be commissioned observational galaxy formation research will make unimaginable strides in the upcoming years.
